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SUMMARY
A multicell recoverable first stage rocket booster of the 3 000 000
lb thrust class can be integrated in a booster system capable of placing
a 60 000 lb payload into a 100 N. Mi. orbit. The skin temperatures
over the first stage booster surfaces, are low enough to permit the use
of unprotected aluminum alloy as the basic tank material. Satisfactory
re-entry trajectories starting from M - 4.8 at 168 000 ft can be achieved
ballistically with speed brakes extended or at high lift with speed brakes
retracted. The study was based on the use of modified Saturn IB launch
facilities.
The basic materials and manufacturing technology developed in the
NASA Saturn IB program can be utilized to great advantage in this pro-
gram. Some manufacturing development programs will be required to
demonstrate the overall manufacturing feasibility of the multicell re-
coverable first stage rocket booster.
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SECTION 1
INTRODUCTION
A concept for a recoverable booster utilizing the lifting body approach has
been developed at Marshall Space Flight Center of the National Aeronautics and
Space Administration. In this concept, the fuel tank is a multicell (intersecting
cone) configuration and is shaped as an aerodynamic lifting body which, when
powered by auxiliary jet engines, can be flown back to the launch site. The
liquid oxygen for the booster is contained in two multicell tanks which are mounted
on the central fuel tank and are jettisoned after booster burnout. The recoverable
portion of the booster includes the fuel tank, rocket engines, guidance and control
equipment, auxiliary jet engines, wing panels, vertical stabilizers, and landing
gear.
Multicell tanks employing intersecting cones are the basis for both the fuel
and liquid oxygen tanks. It was the purpose of the present study to investigate the
manufacturing feasibility of these tanks and to determine new requirements with
respect to manufacturing facilities and equipment. The initial requirement for
the manufacturing feasibility study was to define the tankage structure in terms of
materials, gages, configuration, and size. To define the tankage in these terms
a preliminary design study of recoverable booster was made; ground rules for the
initial design study were as follows:
First stage thrust: two liquid oxygen, RP-l-fueled rocket
engines of 1 500 000 lb thrust each
Recovery portion of first stage: to be configured as a lifting
body capable of flying under auxiliary power to a predetermined
landing site and landing horizontally
Second stage standard Saturn V S-IV B with 230 000 lb of usable
propellant and 205 000 lb thrust
Payload: Apollo-shaped, weighing 50 000 to 100 000 lb in
100-nautical mile circular orbit
Payload in orbit and first stage burnout conditions (velocity and altitude were
determined for the configuration defined above. Three additional configurations
were delineated, as follows:
First stage thrust: increased to 3 600 000 lb;
Second stage: standard Saturn V S-IV B
First stage thrust: 3 000 000lb
Secondstage thrust: 400 000lb, with increased propellant capacity
First stage thrust: 3 600 000lb
Secondstage thrust: 400 000 lb; with increased propellant capacity
Payload in orbit and first stag burnout conditions were determined for the three
additional configurations. The results for all four configurations are shown on page 55.
The configuration selected for further study employed a first stage thrust of
3 000 000 lb and an uprated S-IV B stage (400 000 lb thrust and enlarged tankage),
with first stage burnout at 4895 ft/sec at 168 000 ft and a flight path angle of 40* to the
horizontal. See Figure 1 and 2.
The next step in the study was to establish recovery velocity-altitude trajectories
for the initial conditions of booster burnout. Three types of recovery flight were con-
sidered: ballistic, L/D max and C L max. Figures 45, 46 and 47 are plots of altitude
against velocity for the three recovery modes. It can be seen that the deflection of the
brakes has little effect on the C L max trajectory because the vehicle drag is high, even
without brakes, when in the maximum lift attitude.
Temperature calculations during recovery were made for two conditions, C L max
and ballistic with brakes deflected. Typical temperature histories for these two traject-
ories are shown in Figures 48, 49 and 50.
At the beginning of the study, it was anticipated that the temperatures of the fuel
tank during recovery would be high enough to require either a high temperature materi-
al for the tank structure or heat protection for an aluminum alloy structure. The re-
sults of the thermal studies indicated that temperatures were low enough so that un-
protected aluminum alloy could be used for the structure. Therefore, application of
high temperature materials for tank structure was not pursued further.
Based on the criteria set up in Section 6, preliminary structural designs were
made of the fuel and LOX tanks. The results are shown in Section 3. The manufactur-
ing feasibility analysis was made on the basis of these tank designs.
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In the course of the vehicle study, consideration was given to other areas
which had a bearing on the feasibility of the recovery concept. Longitudinal aero-
dynamic stability was checkedto ensure a stable vehicle for the entire Machnumber
range. Landing speedwas calculated to be 125knots. Auxiliary jet engine thrust
requirements were determined andare shownin Section 13 as is the fuel con-
sumption based onproposed lift-fan type engine specific fuel consumption.
Vehicle attitude during descentfrom separation to cruise altitude would be
controlled by anon-board automatic flight control system operating reation jets
at high altitudes and aerodynamic surfaces at low altitude. Upondescent to cruise
altitude, the vehicle wouldbe remotely controlled either from a chase plane or
from the ground andwould be flown back to the launch site. Landing could be
controlled from the chaseplane or by automatic instrument landing system technique
utilizing ILS glide slope andlocalizer beams in conjunction with flare-out commands.
Pitch, roll, and braking can be accomplishedby the use of two split surfaces
at the trailing edgeof the wings. These surfaces wouldbe operated differentially
for roll, together for pitch, andsplit for braking. Directional control would be
achieved by rudders on the vertical tails.
In-flight training canbe provided for the remote pilot by a fairly simple
modification of the recovery vehicle. The modification would include the additioa
of a cockpit with manualoverride controls and additional thrust for take-off in
the form of Jato units or additional jet engines. Take-off andclimb would be
controlled by the on-board pilot; control would thenbe switched to the remote
pilot. The on-board pilot wouldbe able to override remote control in the event
of anemergency.
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/FIGURE 2. THREE VIEW-RECOVERABLE VEHICLE
SECTION 2
STRUCTURAL ARRANGEMEN T
The basic structure of the first stage booster consists of four basic elements:
fuel tank, two liquid oxygen tanks, and an interstage skirt as shown in Figure 3. The
rocket engines are attached to thrust structure at the lower end of the fuel tank. The
liquid oxygen tanks are tandem-mounted on either side of the fuel tank, and each is
attached to the lower end of the fuel tank by six fittings. A pair of sliding fittings at
the upper end of the fuel tank serves to transmit loads normal to the plane of the fuel
tank but permits relative thermal deformation between LOX and fuel tanks. A cylindri-
cal skirt attached to the upper end of each LOX tank by six fittings transmits longitu-
dinal, lateral, and bending loads from the upper stage to the LOX tanks.
Longitudinal loads (axial) from the upper stage are transmitted to the LOX ta.nks
by the interstage skirt, then to the thrust structure by the fittings at the lower end of
the LOX tanks. Vertical bending is taken by equal and opposite axial loads in the LOX
tanks as shown in Figure 4 (b). Side bending is taken by couples in each LOX tank as
shown in Figure 4 (a).
Jettison of the LOX tanks occurs after separation of the second stage and is
accomplished by explosive bolts at the fittings between fuel and LOX tanks and by two
linear shaped charges which split the interstage into semi-circular halves.
The thrust structure at the lower end of the fuel tank supports the wings of the
recoverable booster as well as the aft landing gear and booster hold-down fittings. The
nose structure, attached at the front of the fuel tank, houses equipment, forward landing
gear, and recovery engines in the stowed position.
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FIGURE 3. FIRST STAGE ASSEMBLY
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Figure 4. Booster Load Paths
!SECTION 3
TANK DESIGN
A. FUEL TANK
The fuel tank is made up of 9 intersecting conical cells, with internal webs
connecting opposing surface intersections. Closure bulkheads consist of intersecting
spherical surfaces which blend into the conical cells. The closure bulkheads are
located so that the intersection of each pair lies in the same plane as the intersection
of the adjacent conical cells. When subjected to internal pressure, the tank functions
as a membrane with the internal pressure forces balanced by tension in the tank skin
and internal webs.
The large end of the tank is attached to the thrust structure by 8 fittings located
at the intersections of the 5 central cells.
The maximum pressure at the bottom of the tank occurs at lift-off and is equal
to 21.1 psi (due to hydrostatic head) plus 30 psi (due to tank pressurization) for a total
of 51.1 psi. The resulting proof pressure is 1.1 x 51.1, or 56.1 psi, and the design
yield pressure is 1.1 x 56.1, or 62.0 psi. The design yield pressure condition deter-
mines skin gage required at the lower portion of the tank.
Maximum bending in the fuel tank occurs during landing, and this condition
results in compression in the upper tank surfaces. To prevent buckling of these sur-
faces under this condition, it is necessary to stabilize the upper skin in some areas.
Two schemes were examined: 1) longitudinal stringers supported by frames and spot-
welded to the skin, and 2) integrally stiffened waffle plate. The integrally stiffened
method is preferred for a tank of this type, and those areas requiring stabilization
were designed using this approach.
The maneuvering condition during recovery flight produces negative bending in
the tank (compression in the lower surface and tension in the upper). However, the
compression stresses are low enough so that skin stiffening is not required.
The internal webs of the tank are loaded in tension by internal pressure and in
shear by the maneuvering and landing conditions. The gages of the webs determined
by pressure conditions are more than adequate to carry the shear imposed.
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The fuel tank design using 2219 aluminum alloy is summarized on pages 11
and 12. Cells 3, 4, and 5 require a stiffened top cover for the full length of the tank.
Cell 2 requires a stiffened top cover for about 2/3 of its length, and Cell 1 requires
no stiffening. No skin stiffening is required on the lower tank skins.
The estimated weights per fuel tank are indicated below. One tank is required
per booster.
Component Weight (lb}
Upper Covers 3080
Lower Covers 2770
End Closures 300
Webs 4970
Frames 2500
Fittings 250
13 870 lb per tank
10
FUEL TANK DESIGN
2219 ALUMINUM ALLOY
@@
J
hS--
-t s
U _0.10
SKIN DETAIL
Station
t
s
970-846 0.08
846-646 0.08
646-458 0.08
TOP COVER DESIGN
(90 ° Waffle)
Cell 1
w
Cell 2
h t w
s
_ 0.08 -
- 0.08 6
0.08 6
h
0.5
0.5
Cells 3, 4, 5
t w h
s
O.O6 4.5 O.55
0.08 5 0.75
0.08 5 0.75
All closure bulkheads 0.040
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FUEL TANK DESIGN
2219 ALUMINUM ALLOY
/ St
BOTTOM COVER DESIGN
Station Cell 1 Cell 2 Cells 3, 4, 5
t t t
S S S
970-846 0.08 0.06 0.06
846-646 0.08 0.08 0.08
646-458 0.08 0.08 0.08
WEB DESIGN
Station Web 1-2, 2-3 Web 3-4, 4-5
970-846 0.03 0.040
846-646 0.06 0.07
646-458 0.09 0.11
,,.
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B. LOX TANK
The LOX tank is similar in construction to the fuel tank in that it is made up of
5 intersecting conical cells with spherical closure bulkheads. The critical loading
conditions for the two tanks differ in that the fuel tank is designed by pressure during
launch and bending during recovery and landing; whereas, the LOX tank is designed
by pressure during launch and axial loads derived from the horizontal winds condition.
The magnitude of the axial loads requires sturdy longerons at the skin intersections.
In addition to 1Dngerons at the skin intersection, two additional longerons at each outer-
most cell are used. The added longerons provide better resistance to bending about an
axis normal to the plane of the fuel tank.
Upper stage loads are transferred to the LOX tank by the interstage which
attaches to longerons 1, 2, and 3. (See page 15 ). The loads in longerons 1, 2, and
3 shear down to longerons 6, 5, and 4 over the length of the tank. Fittings at the
lower end of the tank then transfer the load from longerons 4, 5, and 6 to the engine
thrust structure. The longerons taper in cross sectional area as indicated on page
15 • The LOX tank limit design pressure for the lift-off condition, including35 psi
ullage pressure, is shown in Figure 26. The gages of covers and webs for the LOX
tank based on pressure requirements are shown on page 14.
On page 15 are summarized the required longeron cross sectional area and the
critical longeron fitting loads.
The estimated weights per LOX tank are indicated below. Two tanks are re-
quired per booster.
Component Weight (lb)
Skins 3600
Webs 1800
End Closures 250
Longerons 3000
Frames 2100
Fittings 350
11 100 lb per tank
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LOX TANK DESIGN
2219 ALUMINUM ALLOY
Station SKIN THICKNESS WEB THICKNESS
m
Cell 1 Cell 2 Cell 3
End dome 0.040 0.040 0.040
296-474 0.050 0.070 0.080
474-652 0.055 0.070 0.080
652-830 0.055 0.070 0.080
830-1008 0.055 0.070 0.072
1008-1184 0.055 0.062 0.062
End dome 0.040 0.04 0.04
1-2 2-3
0.050 0.055
0.090 0.105
0.080 0.090
0.060 0.070
0.050 0.060
0.040 0.040
0.040 0.040
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LOX TANK DESIGN
LONGERON
Station
AREAS, (2219 Aluminum Alloy)
CROSS SECTION AREA, IN 2
1
296 0.30
474 1.0
652 1.70
2.40830
1008 3.08
1184 3.76
2 3 4 5 6
0.30 0.30 5.12 5.12 5.12
0.87 0.87 4.15 4.15 4.15
1.45
2.04
1.42 3.18 3.18 3.18
1.97 2.20 2.20 2.20
2.62 2.53 1.25 1.25 1.25
3.20 3.1 0.30 0.30 0.30
LONGERON FITTING LOADS
Sta 1184
Fitting No. Maximum Load (Ult) Critical Condition
1 206 600 lb Horizontal Winds, Bend About
Vertical Axis
2 174 700 lb Horizontal Winds, Bend About
Vertical Axis
3 169 600 lb Horizontal Winds, Bend About
Horizontal Axis
Sta 296
Fitting No. Maximum Load (Ult) Critical Condition
4 280 000 lb Horizontal Winds, Bend About
Horizontal Axis
5 280 000 lb Horizontal Winds, Bend About
Horizontal Axis
6 281 700 lb Horizontal Winds, Bend About
Vertical Axis
15
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SECTION 4
MANUFACTURING FEASIBILITY
A. GENERAL
Candidate tankage designs considered fall into two categories-
A built-up structure consisting of plain skins, webs, stringers,
frames and caps, and joint members (Figure 6).
Waffle skins, plain webs, end closures and joint members
(Figure 5).
Within these categories, there are variations in joint design and fastening
techniques to be considered.
The method of assembly contemplated for the fuel tank structure is based on
producing a limited number of flight articles in the most economical manner. The
assembly will be accomplished in the horizontal position for ease of access and to
minimize the requirement for elevated work platforms. It will permit the use of
standard size buildings and low level hoists.
The majority of work will be performed in a single-stage assembly fixture with
a minimum number of subassemblies. This will minimize the need for subassembly
tooling and eliminate the necessity for costly master control tooling which would be
required to ensure coordination of the interface joints.
Where practical, fusion welding will be employed to join the components and
provide a leakproof structure.
Detail components will be formed, wherever possible, by the use of low pro-
duction type tooling.
The fabrication techniques required for the building of the tank assemblies are
within the current state-of-the-art and require no extensive development work with
the exception of the ,,yr, joint at the intersection of the skins and the web. The geometry
of this joint, with its varying angles, presents problems in both the detail and assembly
stages.
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So MANUFACTURING PLAN FOR BUILTUP STRUCTURE (FIGURE 6}
The operational sequence for details and assemblies is shown in Figures 8
and 9.
1. Detail Fabrication
Detail components will be fabricated as follows.
a. Skins
Due to the unavailability of sheet material in the required width
and length, the conical skin will be built up of smaller segments. These segments
will be rough cut to size and contoured by taper brake or roll forming. A loft tem-
plate set-up will be employed to check out the part.
b. Stringers
These zee section shapes will be roll formed on a multi-roll
Yoder type rolls.
C. End Closures
The compound contoured end closures will be progressively formed
on a conventional drop hammer -- in one piece where size permits; in segments
where size is a limiting factor.
d. Frames
The modified channel ring frames will be formed in a hydropress
by the trapped rubber process. A simple male die will be employed.
e. Webs
The fiat webs will be profile machined to the desired configuration.
f. "Y" Joint
This complex part will be machined from an extrusion. The milling
operation will be performed on a tape-controlled, five-axis machine.
2. Assembly Fabrication
The assembly plan for the tank calls for the buildup of five typ_s of
subassembly and one major assembly. The choice of the type and size of the sub-
assemblies (i. e_ the full length of the tank in excess of 50 feet) is predicated on the
fact that the handling problems involved are preferable to the assembly difficulties
that would be encountered in the mating of several shorter sections.
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a. End Closures
Some of the smaller end closures can readily be formed as single
members. Material and equipment size limitations, however, prevent this in the
case of the larger closures. These will be formed in several segments and formed
by butt welding.
b. Skin
The previously formed skin segments will be located in a fixture
and joined by butt welding to form the fulllength skin.
c. Web, "Y't Joint
A full-lengthsubassembly of the web or longitudinalbulkhead and
the upper and lower "Y" jointwill be builL Joining will be by butt welding. An
alternate method would be to joinby riveting.
d. Skin, Stringer, End Closures
End closures will be joined to the skin by welding. Stringers will
be spot welded to the skin while located and clamped in a cradle type fixture.
e. Web, Frame
A skeleton assembly of the basic tank substructure will be built
by positioning the web ,,yT_ joint subassembly in the final assembly fixture and then
locating the channel ring frames and riveting in place.
f. Tank Assembly
The final assembly of the fuel tank is accomplished by positioning
the skin, stringer subassembly in the final assembly fixture over the already located
web, frame substructure. Starting with the outboard members and working in toward
the center, the stringers will be riveted to the channel ring frames followed by the
butt welding of the skin to the "Y" joint.
3. Joining - Welding
Welding is the preferred method of joining employed in the fabrication
of tankage structures. A square butt weld using the gas tungsten arc process with
filler wire produces the most efficient structurally sound joint. Extensive tooling
is required to position and maintain alignment of parts and prevent mismatch during
welding. Provisions for inert gas coverage must be made. Heat sinks will be
employed to prevent the transfer of heat past the weld zone, which would distort the
assembly. Provisions must be incorporated to finish machine abutting edges after
parts have been positioned for welding. Due to the varying angle at the intersection
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of the conic sections, a tape-controlled, multi-axis head will be required for the
final trim and welding operations.
Development work is required to establish the optimum method of tooling,
trimming, and welding.
4. Tooling
Assembly tooling required will be conventional aircraft type consisting
of welded square pipe structure with locating and banking points to position the vari-
ous components. These positions will be set through the extensive use of loft tem-
plates and line of sight optics. Positions will be removable to provide the maximum
access and permit loading both from above and below.
For the main assembly, two working levels will be employed" one at
ground level and one on an elevated work platform. Cradles will be used to hold the
subassemblies prior to installation. Slings will be provided to lift and position the
components.
5. Facilities
Cleaning, etching, and conversion coating tanks can readily be had in the
required sizes. No problems are anticipated in the handling and transportation of the
large components. Welding equipment of the complexity required can be supplied on
a special design order basis.
6. Joint Design
From me manufacturing standpoint, the most difficult portion of the
conical tank design to produce is the joint connecting the tank skins to the internal
web or longitudinal bulkhead. This is a result of the varying angle at the intersection
of the conic sections.
Several alternate designs can be considered for the "Y_' joint, as shown
in Figure i0.
Designs A. B. and C (Figure 10) aii contain the machined extrusion "Y_'.
e Design A is the most difficult to attain and requires the maximum
control of alignment and fit-up of components during welding.
• Design B is similar, but the riveted attachment to the web permits
latitude in the trimming of the web and leg of the "Yf'.
e Design C uses the same "Y'* but contains maximum flexibility in the
fit-up of the components.
• Design D consists of a formed sheet metal splice plate welded to both
skins and web. It eliminates the necessity for tape machining of the
extrusion. The splice plate, being flexible, can be clamped against
the web for a more precise fit.
o Design E is similar to D, with the exception that it permits latitude in
trimming of the skins.
24
Skin
J
//--Web
(a)
"vet
(b)
(c)
(d) (e)
Figure 10. Joint Configurations
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C. MANUFACTURING PLAN FOR WAFFLE SKIN (FIGURE 5)
I. Detail Fabrication
The skins will be machined on a three-axis, tape-controlled milling
machine employing a vacuum chuck. Forming will be accomplished by fillingthe
pockets and brake forming the contour radius in a rubber box.
The remaining components consisting of end closures, webs, and "_'
jointswill allbe fabricated as described for the built-up structure.
2. Assembly Fabrication
The waffle skin design results in fewer components than in the built-up
structure. The stringers and frames are eliminated, as are the skin-stringer and
web-'Y" jointsubassemblies.
The assembly procedure, though simplified, will not be too different° A
full-lengthskin assembly will be builtup by fusion welding. The main assembly will
be accomplished in the same manner using tape-controlled, gas tungsten arc welding.
26
SECTION 5
TEST PROGRAM
|
The basic purpose of this test program is to 1) verify the materials, design
configuration, and assembly techniques for individual structural elements, and 2)
verify the structural integrity of the complete tank.
The effort on the elemental level should be concentrated on the joint between the
conical skins and the common web, since this is the area of greatest departure from
current design. A detail study of this joint should produce a number of possible de-
signs involving variations in basic configuration, material form (i. e., sheet, bar,
extrusion) and welding techniques. Specimens of each of these designs should be
manufactured and tested under conditions representative of those experienced in the
full-scale tank. Each specimen should represent a short length of the joint and include
portions of the adjacent skins and web. Static and fatigue tests should be conducted.
These elemental tests will duplicate the transverse stresses produced by tank pressure,
and the stresses will be bi-axial. The element when assembled as part of a complete
tank will experience longitudinal as well as transvers stresses, and the resultant stress
picture will be tri-axial. However, the omission of the longitudinal stresses in the
elemental tests should not have a significant effect on the results.
The LOX tank in the proposed configuration is essentially a one-shot item; i. e.,
it is used once and discarded. Its fatigue loading spectrum would include cycles for
testing during manufacture and one cycle for flight. The fuel tank is not a one-shot
item, but the number of expected re-runs is relatively low when compared with com-
mercial aircraft. It would not be unreasonable to require similar cycle-life for both
LOX and fuel tanks elements.
The specimens for a second series of tests should be made to represent a short
length of tank (6 to I0 feet) and should include _ewo adjacent cells. Tests of these
specimens would duplicate the tri-axial stress condition at the joint and would be an
intermediate step between the elemental tests and the complete tank. Loading would
be accomplished by pressurization.
A third series of tests should be runs on a scaled-down complete tank. The
scale should be as large as practical so that the results of the elemental tests are
representative. Static and fatigue tests should be run, and the loadings should in-
clude the axial and bending loadings as well as the internal pressure.
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SECTION6
DESIGN CRITERIA
The design of a recoverable booster would normally require an extensive list of
design conditions to provide adequate structural integrity for all components for all
phases of operation. For the present study it was deemed adequate to consider a
limited number of conditions which would cover the critical phases for most of the
structure.
The following representative design conditions were selected for the structural
design of the recoverable booster tankage.
Prelaunch: The assembled vehicle on the launch pad shall withstand the ground winds
described in Figure 11.
Horizontal Winds: The assembled vehicle during boost shall withstand the critical
winds in Figure 12.
Recovery Flight: (a) 2-g limit maneuver at speed and altitude corresponding to max-
imum dynamic pressure. (b) The critical vertical gust from Figure 13. The gust
PoVeU m KW
resultant load factor shall be _ = 1 + 2W/S
where V =
e
V
airspeed, FPS, EAS
gust velocity, FPS, EAS
m = slope of CNA vs
2W/S
K w = gust factor from Figure 14, in which _ = gCmp
W = weight, pounds
S = wing area, sq ft
2
g = 32.2 fps
C = average chord, ft
Propellant Containers: The maximum relief valve pressure for the fuel tank shall be
30 lb/in 2. The maximum relief valve pressure for the liquid oxygen tank shall be
35 lb/in 2 .
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Proof Pressure: 1. i0 x (maximum relief valve pressure + hydrostatic head}
Design Yield Pressure: 1.10 x Proof Pressure
Burst Pressure" 1.35 x (maximum relief valve pressure + hydrostatic head}
Landing. (a} Two-point attitude- vertical limit load factor = 2.0; horizontal limit
load factor = i. 4. (b} Three-point attitude, vertical limit load factor = 2.0; hori-
zontal limit load factor = 1.4.
Factors of Safety"
Yield factor of safety = 1.10
Ultimate factor of safety = 1.35
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SECTION 7
WEIGHT DATA
Ao BOOSTER WEIGHT STATEMENT
First stage thrust: 3 000 000 lb; uprated second stage
RECOVERABLE BOOSTER
Rocket engines + accessories
Fuel tank + structure
Wings
Fins
Landing gear
Recovery engines + residual fuel
Flight control systems + equipment
JETTISONNED BOOSTER WEIGHT
Oxidizer tank + structure
Oxidizer system
LOX tank residual
Interstage
FIRST STAGE AT SEPARATION
Fuel RP-1
Oxidizer - LOX
FIRST STAGE AT IGNITION
SECOND STAGE + PAYLOAD
LAUNCH WEIGHT
Weight (lb)
(169 150)
37 000
65 600
18 020
10 320
3 500
23 620
11 090
(58 850)
43 650
1 450
9 350
4 400
228 000
481 000
1 091 000
1 8O0 000
600 000
2 4OO 000
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So RECOVERABLE VEHICLE WEIGHT AND BALANCE
Weight (Ib)
Rocket engines + accessories 37 000
Fuel tank 19 300
Forward structure 15 530
Aft structure 30 770
Wings 18 020
Fins 10 320
Forward landing gear 880
Aft landing gear 2 620
Recovery engines (installed) 7 000
Stability augmentation 200
Surface controls, forward 340
Surface controls, aft 1 000
Reaction controls 2 060
Equipment structure 400
Environmental control system 900
Guidance system 400
Control system electronics 200
Telemetering equipment 1 300
Propellant utilization equipment 1 130
Electrical system 1 800
Range safety equipment 540
Pneumatic system 320
Power supply 500
WEIGHT EMPTY 152 530
RP-1 Fuel 16 620
WEIGHT AT START OF CRUISE 169 150
Horizontal Arm
260
645
1 110
255
125
210
1 170
300
1 000
1 110
1 110
120
4OO
1 110
1 110
1 110
1 110
1 110
260
635
29O
290
1 110
Moment
9 620 000
12 448 5OO
17 238 3OO
7 846 350
2 252 5OO
2 167 200
1 029 600
786 000
7 000 000
222 000
377 4OO
120 000
824 000
444 000
999 000
444 000
222 000
1 443 000
293 800
1 143 000
156 600
92 800
555 000
444
99O
67 725 050
16 453"800
497.7 84 178 850
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SECTION 8
AERODYNAMICS
A. LAUNCH CONFIGURATION
Zero angle of attack variations of drag coefficient with Mach number are shown
in Figure 15 for the first and second stage boost configurations under study. These
configurations are very similar to the orbital Saturn IB/Apollo Vehicle as defined by
MSFC drawing 10MO3544, revision E, for which aerodynamic characteristics are
presented in the reference 1. The only major geometry difference between the two
boosters is the addition of wing surfaces on the first stage to provide lifting capability
for the recoverable portion.
The contributions of pressure, base, and skin friction drag of these wings were
determined and added to the power-on zero angle of attack drag coefficients for the
Saturn 1B booster I to obtain the first stage drag coefficient variation (Figure 15).
Second stage drag coefficient variation with Mach number, also shown in Figure 15,
is identical with that for the Saturn lB. The resultant drag forces of the second stage
were found to be insignificant when compared with the thrust.
B. RECOVERABLE VEHICLE
Zero angle of attack drag coefficient variations with Mach number are presented
in Figure 17 for speed brake deflections of 0 °, 20 °, 45 ° and 90 °. These were determined
by utilizing computer program RAD 62014, "Aerodynamic Characteristics" to deter-
mine the wave drag, leading edge bluntness drag, base drag and skin friction drag con-
tributions.
Aerodynamic characteristics at L/D max (C L , CDopt, (_opt) were determined
from the basic equations of tae drag polar: opt
l"saturn 1B Launch Vehicle Design Data" Compiled by Vehicle Systems Integration
Office Propulsion and Vehicle Engineering Division, George C. Marshall Space Flight
Center IN - P & VE-V-63-1, August 8, 1963. (Conf.)
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C L
opt
C D
o
K
2
C D = KC L (CL - C L ) = KC
opt o L
2C D
o
= C L - C L
opt o
_opt = C L
0_
where: K _ induced drag factor
C L ._ 0
o
C D ,._ Figure 17
o
Maximum lift coefficient (CLmax) aerodynamic characteristics were determined
from the "USAF Stability and Control Datcom" and are presented in Figure 16 for zero
and
drag brake deflection. The effect of drag brake deflection on CLmax _/CLma x
was found to be negligible, and the Mach number variations of CD/CLma x
for speed brake deflections of 0 °, 20 °, 45 ° and 90 ° are presented in Figure 18.
Figure 19 presents the variation of lift curve slope with Mach number. Figure
21 shows the L/D versus Mach number curves for level flight at sea level and 40 000
feet.
The subsonic neutral point was determined using NASA Subsonic Lifting Surface
Computer Program - Vortex Lattice Theory which makes use of the approach used in
NACA RM L50L13, "A Finite Step Method for the Calculation of Span Loadings of Un-
usual Planforms," by G.S. Campbell. The estimated variation of neutral point with
Mach number is shown in Figure 20. The results indicate adequate stability for the
entire Mach number range.
Sea level stall speed for C L = 1.06 was calculated to be 108 knots. CT at
max
touch down for 20 ° angle of attack is 0.80, which results in a touchdown speed of 125
Imots.
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FIGURE 15. TOTAL DRAG VS MACH NUMBER
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FIGURE 16. LIFT, DRAG COEFFICIENTS AT CLMAX"
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Mach Number
FIGURE 19. LIFT CURVE SLOPE, RECOVERABLE VEHICLE
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SECTION 9
STRUCTURAL LOADING CONDITIONS
A. GROUND WINDS
Booster shear and bending moment due to the ground winds stated in Figure 11
were determined and are shown in Figure 22. The wind velocity varied from 87 ft/sec
at station 2910 (upper end of payload) to 46 ft/sec at station 0.
B. HORIZONTAL WINDS
Booster bending was determined for the horizontal winds of Figure 12. The
critical point in the trajectory (max q _) occurs at a velocity of 1100 ft/sec at 33 000
ft altitude. Using the minimum drift principle, the angle between booster axis and
relative wind was determined at 7.35 ° . The net bending moment for this condition is
shown in Figure 23.
C. MANEUVER
Airload, dead weight, and net vehicle shear and moment were determined for
the recoverable booster for 2-g limit maneuver at Mach 0.8 at 40 000 ft. Net ultimate
bending moments for this condition are shown in Figure 27.
D. GUST
Gust load factors were computed for Mach 0.8 at 40 000 ft and Mach 0.5 at
20,000 ft. The limit load factors determined were 1.63 for the Math 0.8 condition
and 1.94 for the Mach 0.5 condition. Since these load factors are less than the
maneuver factor of 2.0 limit, they were not considered further.
E. LANDING
Landing gear loads were computed for 2-g limit landing for the vehicle in the
three-point attitude, two-point attitude with nose gear just clear of the ground, and
two-point attitude with the vehicle at 20 ° to the ground. The limit gear loads for these
conditions are tabulated as follows:
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Condition
3-Point
2-Point, Nose Down
2-Point, Nose Up
Nose Gear
Axial Load
(Lb)
Drag Load
(Lb)
86 135
Main Gear
Axial Load
(Lb)
123 050 107 625
169 150
199 446
Drag Load
(Lb)
75 337
118 405
53 411
Vehicle bending for the landing conditions are shown in Figure 27.
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FIGURE 23. BOOSTER BENDING - HORIZONTAL WINDS
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FIGURE 24. LONGITUDINAL LOAD FACTOR - FIRST STAGE BOOST
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FIGURE 28. PRESSURE AT BOTTOM OF FUEL TANK DURING BOOST
DUE TO HYDROSTATIC HEAD
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FIGURE _6. LOX TANK LIMIT DESIGN PRESSURE AT LIFT OFF
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•FIGURE 27. I_COVERAB_.._. VEHICLE BENDING MOMENTS
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SECTION 10
BOOST TRAJECTORY ANALYSIS
A trajectory study was undertaken to determine first stage burn-out conditions
consistent with near maximum orbital payloads. The general approach taken was to
obtain reasonable and typical (rather than optimum) results, such as oribital payloads,
allocation of fuel between first and second stages, first stage burn-out conditions, etc.
The trajectories of each stage were calculated by a three-degree of freedom, point
mass trajectory program with provisions for rocket gimballing to provide a horizontal
component of thrust to effect the pitch-over maneuver.
First stage trajectories were computed over a non-rotating, spherical earth
using a three-degree of freedom, point mass trajectory program. The trajectories
comprise a vertical rise, a pitch-over by rocket engine gimballing, and subsequent
gravity turn to burnout. Rocket engine gimballing was initiated at various flight times
during the vertical rise to obtain a range of burnout conditions. In all cases a gimbal
angle of one half degree (1/2") per second up to a maximum gimbal angle of one half
degree (1/2") was utilizeds to effect the pitch-over.
Figures 28, 29, and 30 present trajectory results for a boost vehicle having a
thrust of 3 000 000 lb and a launch weight of 2 400 000 lb. Burnout velocity, altitude,
and _ (angle of flight path to horizontal) are plotted against propellant weight to launch
weight ratio and flight time for pitch over starting at 9, 11, and 15 seconds. Burnout
conditions corresponding to standard and uprated second stage S-IV B boosters are
indicated.
Figures 31, 32, and 33 present similar results for a booster having a thrust of
3 600 000 lb and a launch weight of 2 880 000 lb.
Figures 34, 35, 36, and 37 present first stage burnout conditions for four
vehicle configurations with propellant to launch weight ratios of 0. 773, 0. 655, 0. 800,
and 0. 703. These data are obtained by cross plots of Figures 28 to 33 for the specific
propellant - launch weight ratios of the respective configurations.
53
Second stage trajectories were obtained from the same trajectory computer
program utilized for first stage boosts. Preliminary trajectory calculations indicated
that orbital altitudes without significant velocity degradations could not be obtained
from gravity turns (zero angle of attack with no thrust gimballing). A parametric
study was conducted to determine near maximum second stage weights (payload plus
second stage empty weight) at orbital velocity and altitude. First stage burnout con-
ditions (velocity, altitude, flight path angle) and second stage thrust misalignment
were varied parametrically. Maximum orbital weights were found to result from first
stage burnout conditions corresponding to flight path angles (with respect to local
horizon) of approximately 40 °, with a second stage thrust misalignment with velocity
vector at 25 °. The payload weights presented in Table 1 represent the portion of the
orbital weight in excess of the second stage burnout weights. Total weights in a polar
orbit are also shown.
It was decided to utilize the 3 million pound thrust first stage/uprated S-IV B
second stage booster configuration as a base point for the recoverable booster descent
studies and subsequent tankage design effort. Key trajectory parameters are presented
as a function of flight time for this booster configuration in Figure 38. The first stage
burnout conditions, noted thereon, were utilized for descent trajectory studies of the
recoverable portion of the first stage booster.
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FIGURE 28. FIRST STAGE PERFORMANCE - VELOCITY
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FIGURE 29. FIRST STAGE PERFORMANCE - ALTITUDE
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FIGURE 31. FIRST STAGE PERFORMANCE - VELOCITY
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FIGURE 35. FIRST STAGE BURN-OUT CONDITIONS
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FIGURE 36. FIRST STAGE BURN-OUT CONDITIONS
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FIGURE 37. FIRST STAGE BURN-OUT CONDITIONS
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FIGURE 38. BOOST TRAJECTORY PARAMETERS
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SECTIONdl
RECOVERY TRAJECTORY ANALYSIS
The initial conditions for the recovery trajectories were taken at booster
burnout for the 3 000 000 lb. thrust, uprated second stage configuration. These
conditions were: velocity 4895 ft/sec, altitude 168 000 ft, flight angle to the hori-
zontal 40 °, weight 169 150 lb. A computer program RAD 62013 "Point Mass Three
Degree of Freedom Trajectory" was utilized to calculate the variation of velocity,
altitude, attitude, and range with time for three basic modes as follows:
C L with speed brakes undeflected for design point
max
planform area 4018 ft 2, and for 2680 ft 2 and 6027 ft 2
planform areas
C L , planform area 4018 ft 2, 772 ft 2 brakes deflected 45°;
max
planform area 2680 ft 2, 1544 ft 2 brakes deflected 90 °
L/D planform area 4018 ft 2, with speed brakes undeflected
max 9
and 772 ft _ brakes deflected 45 °
The L/D max and CLmax trajectories include portions which are flown at equilibrium
lift (constant altitude) to avoid an increasing altitude followed by pronounced oscilla-
tions. This "skip" effect is due to the lift force associated with L/Dma x and CLmax
being significantly greater than the lift force required for equilibrium flight.
Figures 39 to 44 show the variation with time of altitude and Mach number for
the three recovery modes. Figures 45 to 47 represent the same data presented as
plots of altitude against velocity. The relative severity of heating of a given trajectory
is indicated by its position on the graph (Figures 45 to 47). Less severe heating is
indicated by a higher curve. A comparison of the two lifting mode trajectories
(Figures 46 and 47) for comparable planform areas and brake deflection indicates
that the CLmax type trajectories impose less heating load than the L/Dma x type.
Since the L/Dma x trajectories did not appear to offer any advantages in alleviating
the thermal loads, they were not pursued further.
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Figure 45 shows ballistic trajectories for brake areas of 772 ft 2 and 1544 ft 2
at deflections of 0", 45 °, and 90". At an altitude of 80 000 ft, deflecting the 772 ft 2
brakes 45* reduces the velocity from 5300 ft/sec to 4450 ft/sec, and deflecting them
to 90" reduces the speed to 3300 ft/sec. The larger brakes (1544 ft 2) deflected 45 °
reduce the speed at 80 000 ft to 3500 ft/sec, and deflected 90 ° reduces the speed to
1900 ft/sec.
Figure 46 shows C L trajectories for the design point planform area of
2 max 2
4018 ft 2 and for 2680 ft and 6027 ft . Looking at an altitude of 120 000 ft, a de-
crease in planform area from 4018 ft 2 to 2680 ft 2 increases the velocity from
4300 ft/sec to 4600 ft/sec. Increasing the planform area to 6027 ft 2 decreases the
velocity to 4000 ft/sec. The effect of speed brakes on C L trajectories is also
max 2 -
indicated. For an altitudeof 120 000 ft, planform area 4018 ft , 772 ftz brakes de-
flected 45* reduce the speed slightlyfrom 4300 ft/sec to 4150 ft/sec. For a plan-
form area of 2680 ft2, 1544 ft2 brakes deflected 90°reduce the speed from 4600 ft/
sec to 3850 ft/sec.
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FIGURE 39. REC_g_RA_I._EBOOSTER BALLISTIC RECOVERY
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FIGURE 40. RECOVERY TRAJECTORY CLMax PLANFORM AREA 4018 Ft 2
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FIGURE 41. RECOVERY TRAJECTORY CLMax PLANFORM AREA 2680 Ft 2
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FIGURE 42. RECOVERY TRAJECTORY CLMax PLANFORM AREA 6027 Ft 2
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FIGURE 43. RECOVERABLE BOOSTER L/DMAx. RECOVERY,6 = 0
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SECTION 12
THERMAL ENVIRONMENT
Two environments were of interest in the analysis of the recoverable booster:
the environment imposed by high speed flight, and that imposed by the LOX tanks.
The response of the booster to the former was calculated by means of a computer
program (References 1 and 2) that calculated leading edge heating by means of the
turbulent analysis developed by Beckwith and GaUagher (Reference 3); body heating
by means of the Spalding-Chi method (Reference 4); and nose heating by means of the
correlation of Detra, Kemp and Riddell (Reference 5}. The response of the RP-1
tanks to the latter environment during pre-flight was calculated by means of this same
program which calculated natural convection heat transfer coefficients on the RP-1
and air sides of the tank wall by means of the correlations of Reference 6. The fuel
was considered to transfer heat to its tank wall by natural convection. The wall in
turn transferred heat to the cold frost coating the LOX tank by means of radiation
and natural convection. Since the frost thickness is a function of time, the thermal
resistance between the frost surface and LOX tank, and consequently the frost sur-
face temperature, will also vary with time. The frost surface temperature history
used in this analysis was obtained from Reference 7, which reported experimentally
determined histories.
Typical body lower surface, leading edge, and nose temperature histories for
0.10 inch aluminum during re-entry are shown in Figures 48, 49 and 50. Time zero
corresponds to booster burnout and separation of the upper stages which occurs at
138 seconds after lift-off. Nose heating does not begin until separation due to the
shielding of the upper stages. The emissivity used in all aerodynamic heating calcu-
lations was 0.9, which can be achieved by means of a high emissivity coating.
The maximum typical body, leading edge, and nose temperatures that occurred
during the trajectories used in this study are summarized in Table 2 along with the
parameters that characterize the trajectory. All maximum temperatures occurred
during re-entry. Trajectory parameters that permitted deeper atmospheric penetra-
tion at high speeds resulted higher surface temperatures. For this reason, the high-
est temperatures occurred during the ballistic re-entry with zero speed brake
78
deflection. Increasing speedbrake deflection and/or increasing speedbrake area
and/or decreasing wing loading (for CLmax trajectories) has the effect of decelera-
ting the booster at high altitude with a consequentreduction in surface temperatures.
Figure 51 shows the temperature histories of the fuel and fuel tank wall as they
cool to the LOX tanks during pre-flight. These results show that RP-1 will not freeze
due to the proximity of uninsulated LOX tanks.
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FIGURE 50. NOSE TEMPERATURE HISTORY
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SECTION 13
CRU]BE PROPULSION
The boost and recovery trajectory calculations showed the following values for
distance down range for the recoverable booster at a point where vehicle velocity had
decreased to Mach 0.8:
Recovery Mode Range
Ballistic trajectory, brake area 1544 ft 2
L/Dma x trajectory, brake area 772 ft 2, Ref.Area 4018 Ft 2
CLmax trajectory, brakes undeflected, Ref. Area 4018 Ft 2
140 N. Mi.
160 N. Mi.
190 N. Mi.
Assuming an additional 10 N. Mi. for performing a 180" turn, the return range
requirement would be from 150 to 200 N. Mi., depending on the recovery mode used.
Figure 50 shows the thrust required for level flight versus velocity for sea level and
40 000 feet. The minimum thrust required for cruise at 40 000 feet is approximately
35 0001b at a velocity of 400 knots. Referring to Figure 51, the fuel consumption for
cruise at 400 knots is 30 lb/mile. Multiplying the maximum range of 200 N. Mi. times
the fuel consumption of 30 lb/mile gives a fuel requirement of 6000 lb. Time for
cruise is 200 divided by 400, or 0.5 hour.
The fuel consumption curve was based on the relation:
Fuel consumption _lb/mile) = drag x specific fuel consumption
vel0city
The value of specific fuel consumption used was 0.34 lb/lb/hr which is quoted
for the General Electric J85/LF2 engine. This is an axial flow lift fan type engine
producing a thrust of 17 330 lb and is being proposed for the XV-5A V/STOL aircraft.
Figure 2 shows two engines located in the nose of the recoverable vehicle. Two
G. E. J85/LF 2 engines would just provide sufficient thrust for cruise at 400 knots at
40 000 feet. However, if it is required that the vehicle be capable of flying at stall
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speed (108 knots} at sea level, which would be the case of a missed landing, then a
thrust of about 48 000 lb would be required. This additional thrust could be provided
by a third engine. Space requirements for the third engine would require some changes
in the fuel tank to allow a larger nose compartment.
The proposed recovery engine installation hides the engines within the nose
compartment during boost and recovery. After the vehicle has decelerated to about
Mach 0.8, the engines (supported on a link suspension} would be swung into the air
stream and started for the return cruise to the launch site. The arrangement elimi-
nates the need for intake and exhaust ducting.
Figure 52 shows thrust required for level flight at 40 000 feet for planform
areas of 2680 ft 2 and 6027 ft 2 as well as for the design point of 4018 ft 2. The effect
of the lower area is to shift the curve to the right, to increase the minimum thrust
required from 35 000 to 37 000 lb and to increase the cruise speed for minimum thrust
from 380 knots to 440 knots. Tae effect of the larger planform area is to shift the
curve to the left. Minimum thrust required is about the same, but speed for mini-
mum thrust is reduced to 300 knots.
Figure 53 shows the fuel consumption curves for the nominal area of 4018 ft 2
and for areas of 2680 and 6027 ft 2. Decreasing the planform area from 4018 to 2680
ft 2 reduces the minimum fuel consumption very slightly, from 29 to 28.5 lb/N. Mi.
and increases the optimum cruise speed from 435 to 460 knots. Increasing the plan-
form area from 4018 to 6027 ft 2 increases the minimum fuel consumption to 33 lb/
N. Mi. and reduces the optimum cruise speed to 400 knots.
If it is not a requirement that the vehicle be capable of making a "go-around"
in the event of a missed landing, then it may be possible to make a gliding turn re-
covery which would return the boost vehicle to the launch site without the use of
auxiliary jet engines. To check this approach it would be necessary to make an opti-
mization study of gliding turn recovery trajectories to establish the desired trajectory
parameters and range capabilities.
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FIGURE 53, FUEL CONSUMPTION, CRUISE AT 40000 FT.
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SECTION 14
CONCLUSIONS AND RECOMMENDATIONS
The results of this study indicate that a booster concept using a lifting body re-
coverable first stage, employing Saturn IB manufacturing technology and launch facili-
ties, can boost a significant payload weight into orbit and return to the launch site under
its own power. Refurbishment for relatmch would consist essentially of the addition of
new LOX tanks.
The study also showed that the recovery flight from first stage cut-off velocity
and altitude could be made using either a ballistic trajectory employing speed brakes,
or a high lift trajectory without speed brakes. Heating during recovery in either case
would be moderate enough so that type 2219 aluminum alloy could be used for tank
structure.
The recovery vehicle was shown to be aerodynamically stable over its Mach
number operating range and to have a landing speed similar to present day aircraft.
Thrust for cruise flight could be provided by two or three jet engines, depending on
performance requirements.
For the ballistic trajectory, the effect of doubling the speed brake size to twice
the nominal area had a small effect on the temperatures of the tank structure. The
larger brakes reduced the lower surface temperature by 50 ° , and the leading edge
temperature by 80 °.
For the CLmax trajectory, increasing the planform area to i i/2 times nominal
decreased the lower surface temperature by 80 ° and the leading edge temperature by
130 °. Decreasing the planform area to 2/3 nominal increased the lower surface and
leading edge temperatures by 90 ° .
Changes hi planform area also affect landing speeds and cruise performance.
Increasing the planform area to 1 1/2 times nominal decreases the touchdown speed
by 28%, and increases the minimum cruise fuel consumption by 14%. Decreasing the
planform area to 2/3 nominal increases the touchdown speed by 23% and reduces min-
imum cruise fuel consumption by 1.8%
9O
The manufacturing feasibility analysis' indicates that the construction of multicell
tanks for the booster requires no radical departure from current practice, but that cer-
tain areas require investigation and study to establish detail procedures and to deter-
mine working data.
It is recommended that further work be done in the direction of further develop-
ing the aerodynamics configuration and in the establishment of detail procedures for
the construction of multicell tankage. A configuration development program should
include wind tunnel tests of a small scale model to confirm theoretical calculations
and controlled free flight model tests (launched from an aircraft in the manner of an
X-15) to establish vehicle performance under realistic conditions. The manufactur-
ing research program should include the construction and testing of critical structural
elements, sections of a full scale tank, and subscale models of the complete scale.
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ADDENDUM
The body and body leading edge temperatures presented in this report differ
somewhat from those presented in the preliminary report. Body temperatures differ
because the preliminary values were based on an equation given by the authors of the
Spalding-Chi method in the AIAA Journal, Vol. 1, page 2161, which is incorrect. The
final body temperatures were based on the correct equations of Reference 4. Body lead-
ing edge temperatures differ because the final values were calculated on the basis of
turbulent heating whereas the preliminary results were based on laminar heating. While
.... turbulent leading edge heating will not exist throughout the trajectory, the results of
Reference 3 show that it will occur in the high speed-low altitude portions of the ascent
and re-entry. The results, therefore, are somewhat conservative.
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